Water activity (a w ) was measured for various two component aqueous solutions at various intersolute interactions and the obser ved a w was compared with the theoretical prediction by Ross equation assuming no inter-solute interactions. For solutions with neutral components including electrolytes, sugars, and neutral amino acid, solute-solute interaction was weak so that no substantial deviation was observed for observed a w from that predicted by Ross equation. When acid and base were involved, the deviation between the two was large because of the neutralization. For a solution containing macromolecule, bovine serum albumin (BSA) and sucrose mixture showed a strong cooperative effect between solutes to reduce a w much smaller than the theoretical expectation. In a case with an amino-carbonyl reaction between glycine and ribose kept at 60℃, a drastic increase in optical absorbance at 327 nm was observed with time and a w increased accordingly because of the water liberation at the initial stage of the Schiff-base formation and the following complex Maillard reaction process to reduce the number of solute molecules in the system.
Introduction
As an index of the macroscopic state of water, water activity (a w ) affects various features of food, especially in its relationship with food deterioration or preser vation [1] [2] [3] . In this case, water activity changes in a wide range from completely dry state (a w ＝0) to pure water (a w ＝1). Recently, the important role of water activity in aqueous solutions at a rather high a w range (a w >0.95) have been pointed out for protein stability [4] [5] [6] [7] and solgel transition [8, 9] .
In a single-component aqueous solution, the water activity is described well by the following equation [10, 11] . 
where X S is the molar fraction of solute and α and β are the parameters determined experimentally.
For multicomponent solutions, Ross [12] proposed a theoretical equation by assuming no inter-solute interactions. For the three component system, for example, this is expressed as follows.
a w ＝a w1 a w2 a w3 (2) where a w is the water activity of the whole system and a w1 , a w2 , and a w3 , respectively, are those of the single component system at the same concentration. Although this equation is pointed out to be not complete theoretically [13] , this is reported to be applicable in a wide range in practice [14] .
In the present paper, the water activity was measured for various two-component aqueous solutions with various inter-solute interactions and the results were compared with Ross equation to discuss the effect of intermolecular interactions on water activity.
Materials and method

Materials
Glycine, urea, NaCl, HCl (5 mol/L), and NaOH (5 mol/L), were purchased from Nacalai Tesque, Kyoto.
Sucrose and acetic acid were obtained from Kanto Kagaku, Tokyo. Bovine serum albumin (BSA) and ribose were obtained from Sigma-Aldrich, Tokyo.
Measurement of water activity
Solution with low molecules
Water activity of solutions containing low molecules was determined by freezing point depression using thermistor with 0.01℃ accuracy as described in the literature [11] . This accuracy in temperature measurement corresponds to the accuracy in water activity less than 0.0001 a w unit [15, 16] . The measurement was done in 10 minutes.
Solution with high molecules
When solutions contained high molecules, water activity was measured, in 5 minutes, by using water activity meter (CX-3TE, Decagon, WA) based on the dew point technique with accuracy of 0.003 a w unit.
Solution accompanied with slow chemical reaction
In the case of the mixture of ribose with glycine kept at a high temperature, amino-carbonyl reaction was expected to occur. In this case, equimolar mixture of ribose and glycine at 3 mol/kg-water (100 mL) was prepared and the mixture was fractionated into several screwed test tubes (7 mL) and kept at 60℃ in a heat block (DTU-1C, Taitec, Saitama). The mixture was taken out from the test tube at an interval. Then, water activity was measured (CX-3TE, Decagon, WA) at 25℃ and the optical absorbance was measured at 327 nm (V-560, Jasco, Tokyo).
Results and discussions
Water activity of single component solution
Before discussing about multicomponent system, the water activity of single component system should be determined. For this purpose, the freezing point data were used for HCl, NaOH, and acetic acid in the literature [17] and the water activity was calculated [11] .
Then, the parameters in Eq. (1) was determined and summarized along with those from the literature [7, 11] in Table 1 . The water activity, thus determined, is a w at the freezing point and the temperature effect is expected, in general, for a w . For the relatively dilute solutions like in the present case, however, the effect of temperature on a w is reported to be negligible [11, 18] .
Mixtures with weak solute-solute interactions
In Figs.1 to 3, water activities of the mixed solution of sucrose-glycine, sucrose-urea, and NaCl-urea, respectively, are shown. The inter-solute interactions of these Water activity (-)
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solutes are weak so that the water activities of the mixed solutions are not much different from those predicted by Ross equation within the deviation less than 0.01 a w unit. Figure 4 shows the water activity of the mixed solution of glycine and urea. Urea is known as a strong denaturant of protein and the mechanism of the protein denaturation of urea is reported to be its preferential binding to protein [5, 19] . Therefore, urea is expected to bind also to glycine to reduce water activity from that expected by Ross equation, in which no interaction was assumed. The solute-solute interaction, in general, reduces water activity [20] . The observed a w , however, was not much different from that by Ross equation. This shows that the interaction between urea and glycine is not strong enough to affect a w of the mixed solution. Figure 5 shows the water activity of the mixed solution of ribose and glycine. These compounds are expected to form Schiff-base between aldehyde terminal of ribose and amino group of glycine as an initial stage for aminocarbonyl reaction [21] . This reaction is also expected to reduce water activity. The observed a w , again, was not much different from that predicted by Ross equation.
This shows that the Schiff-base reaction is not strong enough to affect a w of the mixed solution.
Mixtures with strong solute-solute interactions; cases with acid and base
Acid and base system is a typical case with a strong solute-solute interaction. Figure 6 shows the water activ- NaOH. In this case, the deviation for observed a w from
Ross prediction was a little smaller than the case in Fig.6, showing the difference between HCl as a strong acid and acetic acid as a weak acid.
Mixtures with high-and low-molecules
As for a hydrophilic macromolecule, BSA was chosen and mixed with sucrose or urea. Figure 8 shows the water activity of mixed solution of BSA at various concentrations and sucrose at a fixed concentration of 2 mol/ kg-solvent. In this case, a negative deviation was obtained for observed a w from that by Ross equation, especially at a high concentration. In general, hydration of solute reduces water activity [20] so that the cooperative effect between solutes might have occurred both for BSA and sucrose in this case. Water activity (-)
0.90
0.90 Figure 9 shows the result for the mixture of BSA and urea. In this case, the deviation of a w from the Ross prediction was ver y small showing the weak interaction between solutes although urea is expected to bind to protein weakly to destabilize proteins [5, 19] . Figure 10 shows the result for the equimolar mixture of glycine and ribose at 3 mol/kg. In this case, temperature was raised to 60℃, different from the case in Fig.5 .
Mixture accompanied with slow chemical reaction
Then, amino-carbonyl reaction was obser ved and the optical absorbance at 327 nm (Abs) drastically increased with time, where Abs 0 is that at time＝0. Accordingly, the observed a w increased with time. This happened because of the liberation of water molecule at the initial Schiffbase formation and the succeeding process of the complex Maillard reaction [21] to form melanoidin to reduce the number of solute molecules in the system.
Conclusions
For aqueous two-component solutions with neutral low molecules, the inter-solute interactions were not so strong enough to affect a w in the mixed solutions even in the mixtures of glycine-urea or ribose-glycine, although weak interactions among solutes were expected in these cases from the literature [4, 5, 19] . Therefore, the observed a w was not much different from the theoretical expectation by Ross equation assuming no inter-solute interactions. For acid-base system, the strong inter-solute interaction affected a w to increase it much than Ross prediction. For the system with a high molecule, BSAsucrose system showed a strong cooperative ef fect 
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between solutes to reduce a w than expected while BSAurea system showed no substantial solute-solute interaction. For a system with glycine and ribose kept at a high temperature, the amino-carbonyl reaction strongly affected to increase a w of the system. 
多成分系水溶液の水分活性に及ぼす成分間相互作用の影響
